CRITICAL CARE MEDICINE
usually decided at bedside on the basis of simple clinical data and few basic instrumental examinations such as bedside chest radiography, electrocardiogram, blood examinations, and blood gas analysis. Even in the hands of expert physicians, these methods cannot be considered accurate enough for assessing and monitoring the real hemodynamic status of the patient. Imprecise monitoring may easily lead to iatrogenic catastrophic consequences, such as pulmonary edema due to overhydration, impairment of pulmonary blood gas exchange, or others.
Point-of-care lung ultrasound has a great potential for guiding the hemodynamic management of critically ill patients. B-lines have been acknowledged as sonographic signs of pulmonary interstitial and alveolar edema in critical and emergency care. [1] [2] [3] [4] Some studies showed that B-lines may be used to predict extravascular lung water (EVLW) and pulmonary artery occlusion pressure (PAOP). 5, 6 However, although EVLW is a direct sign of pulmonary congestion, PAOP estimates the pressure in an area that extends from the lung capillaries to the left ventricle and underlies hemodynamic congestion. 7, 8 Despite a recent study has shown a tight correlation between absence of B-lines at lung ultrasound and low levels of PAOP, 6 the hypothesis that elevated PAOP may not necessarily lead to extravasation of fluid into the lung interstitium and B-lines should be considered.
To further investigate the relation between B-lines and PAOP or EVLW, we designed a multicenter study to observe a cohort of critically ill patients representative of many different hemodynamic conditions and pulmonary diseases. Moreover, we wanted to assess whether adjunct of a focused cardiac gross estimation of the left ventricular ejection fraction (LVEF) by transthoracic ultrasound may improve the diagnostic potential of lung ultrasound for B-lines on predicting high or low levels of PAOP and EVLW.
Materials and Methods
This is a multicenter, prospective, observational study on critically ill patients admitted from October 2008 to April 2010 to the ICU of four Italian University hospitals (San Luigi Gonzaga Hospital and Molinette Hospital in Torino, Maggiore della Carità Hospital in Novara, and Vittorio Emanuele Hospital in Catania). The Institutional Review Board approved the multicenter study protocol (number 12884 to 64, Orbassano, Torino, Italy) before the enrollment of the first patient. The Ethic Committee waived the requirement for informed consent of unconscious/sedated patients. Of all the patients admitted to the ICU, those requiring hemodynamic invasive measurements at the discretion of the attending physicians facing complex clinical situations were consecutively enrolled to the study. Exclusion criterion was the impossibility to perform a complete heart/ lung transthoracic ultrasound examination, such as extensive dressings, pneumothorax, fibrothorax, or completion pneumonectomy. The lung ultrasound examination was performed by an experienced investigator within 10 min before the hemodynamic measurements. Only after the completion of the ultrasound examination, a second independent physician totally unaware of the ultrasound results performed the hemodynamic measurement. This blinding procedure was always strictly observed.
Invasive Procedures
Hemodynamic measurements were performed by standardized methods in all the four participating centers and were targeted to the assessment of the PAOP and/or the EVLW values by using the Swan-Ganz catheter and the PiCCO system, respectively. There were no shared guidelines on the choose of the two methodologies across the different ICUs. Both techniques are in use in the ICUs involved in the study. Investigators participating in the study were all senior intensivists with at least 5 yr of experience in advanced hemodynamic monitoring. Pulmonary Artery Occlusion Pressure. A 7.5-French rightheart balloon flotation catheter (Swan-Ganz) was introduced via the jugular, femoral, or subclavian veins into the pulmonary artery. Correct catheter placement was checked by chest radiography and the zero level was checked before measurement of PAOP. Real-time airway pressure curves were always available together with hemodynamic curve tracings at the bedside for the evaluation of PAOP at end-expiration. All measurements were averaged over five cardiac cycles. Extravascular Lung Water. The EVLW was measured by means of the transpulmonary thermodilution method (PiCCO system). A 5-French thermistor-tipped catheter was placed into the right femoral artery and connected to the PiCCO system for monitoring. After calibration, a 10-ml bolus of cold 5% dextrose solution was injected through a central venous catheter, and the thermodilution curve was evaluated by the arterial catheter inserted in the femoral artery. The mean of three consecutive boluses was considered. An arterial pulse contour analysis algorithm computes the cardiac output which allows calculation of the intrathoracic thermal volume and the intrathoracic blood volume. The EVLW value was obtained from the difference of these two latter parameters and divided by the predicted body weight. 9 Outcome Variables. Patients were classified as having elevated PAOP and EVLW if any measurements were respectively greater than 18 mmHg and greater than 10 ml/kg during the study period. For PAOP value, this is the usual cutoff point used in clinical practice and recently further indicated to differentiate cardiogenic pulmonary edema from acute respiratory distress syndrome (ARDS). 6, 10 The value of EVLW is based on previous clinical studies that established this value as a threshold for acute lung injury. 9, 11, 12 Ultrasound Techniques The following ultrasound devices were used: MyLab 40 ultrasound system and MyLab 30CV (Esaote Italia, Milan, Italy), GS50 portable unit (Philips, Hamburg, Germany), Volpicelli et al.
Lung Ultrasound, Wedge Pressure, and Lung Water M-Turbo (SonoSite, Bothell, WA), and HDI 3000 (ATL, Bothell, WA). Lung Views. A curvilinear 2 to 5 MHz probe was used for intercostal lung views through oblique scans. Lung ultrasound was targeted to the evaluation of lung sliding and multiple B-lines. The standardized eight anterior-lateral areas examination was used. 13 Multiple B-lines, that is, at least three B-lines in a single longitudinal scan, on at least two areas per side represent a sign of diffuse interstitial syndrome (the "B-pattern"). The B-pattern can be related to cardiogenic pulmonary congestion, ARDS, pulmonary fibrosis, or interstitial pneumonia. 1, 2, 5 Absence of multiple B-lines with regular sliding is the "A-pattern." This latter lung ultrasound pattern is a sign of normally aerated or hyperinflated lung and rules out pulmonary edema and other causes of interstitial syndrome. 6 Detection of multiple B-lines but limited to less than two scans per side or limited to one side was still not considered B-pattern because it is the sign of "focal" interstitial syndrome. This condition indicates a focal interstitial involvement, sometimes around isolated pulmonary consolidations, such as pneumonia, infarction, or contusion. 14 For convenience and hemodynamic similarity, the focal interstitial syndrome was still considered A-pattern. We also compared results by using another criterion for B-pattern, which is detection of bilateral prevalent B-lines in the anterior chest zones. This latter criterion is the same used in the study by Lichtenstein et al., 6 who limited the lung ultrasound examination for B-lines to the anterior chest. Cardiac Views. A phased-array 2 to 4 MHz cardiac probe or, alternatively, the same probe used for lung views was used for the study of the heart through the subcostal, parasternal long-axis, and apical four-chamber views. The subcostal view was initially used to evaluate the LVEF by visual estimation of gross wall contraction. The LVEF was visually considered normal or impaired. 15, 16 Impaired function was diagnosed after the eyeballing visual estimation of reduced function corresponding to an LVEF less than 55%, without further distinction between poor and moderate reduction. The other two cardiac views were used in case of doubtful diagnosis or difficult visualization.
Statistical Analysis
Descriptive analysis was carried out using common measures of synthesis. Values are expressed as means ± SD. Continuous variables (measured PAOP and calculated EVLW) were transformed into dichotomous variables to identify test-positive and test-negative patients. Each ultrasonography study was considered positive when the B-pattern at lung examination and the impaired LVEF at cardiac views were detected. The combined lung and cardiac ultrasonography was considered positive when both examinations were positive. Statistical significance was set at 5% for every test used and reported 95% CI. Statistical analysis was performed with MedCalc v12.3.0 (MedCalc Software, Ostend, Belgium).
Results
The study enrolled 73 patients. Descriptive analysis of the patients is reported in tables 1 and 2. Forty-one patients underwent PAOP measurement, whereas EVLW was assessed in the other 32 patients. Lung and cardiac ultrasonography was feasible in all patients. No data were rejected.
Ultrasound Results
Overall, 25 patients showed B-pattern at lung ultrasound, whereas, of the remaining, 12 patients showed a focal pattern and 36 complete absence of significant B-lines in the anterior-lateral chest areas. Thirty-one patients showed reduced LVEF at cardiac examination. Patients showing B-pattern at lung ultrasound had also a lower PaO 2 /FIO 2 (175.3 ± 76.1 vs. 238.2 ± 83.0; P < 0.01). The cardiac index measured invasively was significantly lower in patients with a diagnosis of reduced LVEF at focused cardiac ultrasound (2.66 ± 0.8 vs. 4.43 ± 1.48 l min −1 m −2 ; P < 0.001). 
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Comparison with PAOP Level
Twenty-one patients of 41 had PAOP 18 mmHg or less. The A-pattern was detected in 18 of these patients and in 12 patients with high PAOP ( fig. 1) , showing a sensitivity of 85.7% (CI, 70.5 to 94.1%) with positive predictive value of 60.0% (CI, 43.6 to 74.6%) and a specificity of 40.0% (CI, 25.4 to 56.4%) with negative predictive value of 72.7% (CI, 56.3 to 84.9%). Considering the criteria for the B-pattern used in the study by Lichtenstein et al., sensitivity and specificity dropped to 76.2% (CI, 52.8 to 91.8%) and 35.0% (CI, 15.4 to 59.2%), respectively. A normal LVEF was found in 19 patients with low PAOP and 3 patients with high PAOP. The combination of A-pattern and normal LVEF was detected in 16 patients with low PAOP and 3 patients with high PAOP. The combination of diffuse B-lines and reduced LVEF was never found in patients with low PAOP and detected in eight patients with high PAOP (fig. 1 ). Fourteen patients had no concordance between lung and cardiac ultrasound examination. Thus, the combination of A-pattern and normal LVEF showed a sensitivity of 100% (CI, 84.5 to 100%) with positive predictive value 84.2% (CI, 64.3 to 94.6%) and a specificity of 72.7% (CI, 52.0 to 87.2%) with negative predictive value 100% (CI, 84.5 to 100%). The acute and chronic condition affecting each patient with PAOP greater than 18 mmHg, respectively, showing A-pattern or B-pattern, are reported in tables 3 and 4.
Comparison with EVLW Level
Twenty-one patients of 32 had EVLW 10 ml/kg or less. The A-pattern was detected in 17 of these patients and in 1 patient with high EVLW (fig. 2) , showing 81.0% sensitivity (CI, 62.6 to 91.9%) with positive predictive value 94.4% (CI, 78.7 to 99.2%) and 90.9% specificity (CI, 74.2 to 97.7%) with negative predictive value 71.4% (CI, 52.6 to 85.3%). The combination of cardiac evaluation for the LVEF with lung examination did not improve the accuracy of lung ultrasound standing alone in predicting the level of invasive EVLW.
Discussion
Hemodynamic management of critically ill patients is a challenge. Invasive procedures may help, but during the first examination that precedes admittance to an ICU, attending physicians facing unstable patients are called to fundamental therapeutic decisions based on few instrumental and clinical data. Focused ultrasonography performed at bedside has a great potential for the noninvasive evaluation of pulmonary congestion and cardiac function and thus adding crucial information for a gross hemodynamic assessment in the emergency setting.
One previous study showed that the number of B-lines at lung ultrasound has a positive linear correlation with invasive PAOP and EVLW. 5 This study was performed on selected patients without pulmonary diseases, who underwent cardiac surgery. Exclusion of patients with pulmonary diseases represented a great limitation because B-lines are not only the signs of cardiogenic congestion but are also detected in fibrosis, ARDS, and interstitial pneumonia. Thus, when B-lines are considered signs of high cardiac filling pressures, some pulmonary conditions may cause false-positive ultrasound results. In the following years, other experimental Lung Ultrasound, Wedge Pressure, and Lung Water and physical models have further demonstrated a good correlation between B-lines and lung water content, but the experimental design on patients has never been investigated more. [17] [18] [19] Another study performed in the ICU in critically ill patients showed that the pattern without predominance of bilateral B-lines in the anterior chest accurately indicates invasive PAOP level below the threshold of 18 mmHg. 6 Their results, combined with evidences drawn by other studies, allow to conclude that the A-pattern indicates a dry lung. 20 As a consequence, a lung ultrasound pattern without predominance of B-lines in the anterior chest indicates that the patient may tolerate fluid administration. 21 Our data show that the A-pattern reliably predicts low EVLW, and thus confirming that lung ultrasound may be used to indicate tolerance to fluid loading. However, the comparison with PAOP has proven to be the wrong model to draw this conclusion. In our patients, lung ultrasound prediction of low PAOP resulted in very low specificity due to many cases showing high PAOP but still absence of B-lines. This finding stands in contrast with most of the existing literature. 5, 6, 22 However, at least one other study, performed in stable patients with chronic heart failure, showed the lack of a significant relation between the number of B-lines and the levels of invasive PAOP 23 and the authors concluded that the discrepancy with results of other studies might be explained by different size and type of study populations. Moreover, they also speculated that there might be an association between B-lines and PAOP but only in patients with acute decompensated heart failure. Pulmonary edema is not only the consequence of the lung filtration pressure but also depends on the water permeability of the alveolar-capillary membrane. 24 Patients with pulmonary edema due to decompensated heart failure usually have both increased PAOP and increased transpulmonary gradients. 25 Indeed, a condition of low PAOP but increased permeability may manifest with noncardiogenic edema, whereas, at the opposite, high PAOP levels but low permeability may explain resistance to 23, 26 Extending the observation to critically ill patients enrolled from different ICUs may have increased the variability of lung conditions observed, and probably explains why we obtained lower specificity of B-lines for predicting low PAOP, if compared with other single-center studies. Indeed, in our study, those patients with high PAOP who showed the A-pattern were mainly affected by chronic heart diseases (table 3) , whereas combination of high PAOP and B-pattern was detected mainly in patients affected by respiratory diseases and sepsis but normal cardiac function (table 4) . Hence, PAOP level and pulmonary fluids are not necessarily linked. From the perspective of predicting the tolerance to a fluid challenge, the most important condition to be checked remains the fluid excess at the lung level, which may be occasionally irrespective of the PAOP level. Rather, PAOP is probably more related to the cardiac function. Indeed, in our study, the combination of analysis of B-lines with a gross estimation of the left ventricle function improved the ultrasound prediction of PAOP levels. The B-pattern combined with reduced LVEF was highly predictive of high PAOP. This latter data, if confirmed in a larger population, may be relevant for the differential diagnosis of ARDS.
The comparison between B-lines and EVLW showed a far better specificity. This is not surprising because these two parameters indicate the same phenomenon, that is, fluid in the lung. 19 Although PAOP identifies hemodynamic overload, a condition that may precede pulmonary congestion, EVLW is a useful method to measure the accumulation of parenchymal lung edema more accurately than PAOP for measuring nonhydrostatic edema. 7, 27 Similarly, B-lines identify fluids that accumulate in the lung at the expense of alveolar air, irrespective of a cardiogenic or noncardiogenic mechanism. 8 The contribution of B-lines is to provide direct insight into the pulmonary interstitium, even if limited to the lung periphery, and to detect conditions of fluid accumulation not linked to cardiac left ventricle filling pressure. In our patients, high EVLW was always combined with positive lung ultrasound except one case with a borderline level of EVLW (11 ml/kg). Perhaps, a different cutoff for high EVLW could further improve the sensitivity of B-lines. Extending the study population and testing different cutoff values may probably contribute to assess the real relation between B-lines and EVLW calculated by the PiCCO technology.
This study has many limitations. Although the threshold for PAOP is supported by literature, there is no perfect consensus on the abnormal value of EVLW. The value we used as cutoff for EVLW is the higher threshold found in literature. Using a lower threshold, it has found that the number of false-negative cases in our study would have been greater.
Our approach was only qualitative although other authors demonstrated that it is possible to score B-lines to investigate the quantitative relation with PAOP and EVLW. 5 However, the aim of our study was not to compare two sophisticated methodologies by investigating the linear relation between B-lines and EVLW. Rather, we wanted to evaluate the usefulness of lung ultrasound as a simple noninvasive bedside method for a rough and simplified estimation of the Another limitation is the small number of cases studied. Although the multicenter enrollment from different ICUs may be considered a strength of this study, the number of cases enrolled remained below than was expected and is too small to allow definitive conclusions. The original design, which was to measure both the PAOP and EVLW on each patient, turned out not feasible during the study because never sustained by a real clinical need. However, our study population included a wide range of conditions, from the septic to heart failure patients, from ARDS to posttransplant patients, which is representative of the population of many emergency departments and ICUs.
The two groups of patients evaluated for EVLW and PAOP were matched for demographic and clinical characteristics, with the exception of the PaO 2 /FIO 2 level that was worse in the EVLW group. This discrepancy certainly introduces a bias that should be considered in the evaluation of our data. However, this difference was expected because the choice of the invasive monitoring method was independent and reflects the disposition of the intensivists involved in the study to use the PiCCO system for the invasive monitoring of patients with most severe signs of respiratory failure.
Finally, the combination of lung with cardiac ultrasound was only limited to estimation of the LVEF. A more deep insight into the cardiac function by ultrasound would certainly add more reliable data to predict PAOP. A future study should consider a more comprehensive echocardiographic examination to better characterize those patients who show different lung ultrasound pattern but similar PAOP and EVLW. 28 In our study, measuring the mitral Doppler inflow E wave velocity to annular tissue Doppler Ea wave velocity ratio would have been informative to distinguish those patients with isolated left ventricular diastolic dysfunction. 29, 30 This latter condition may have a deep influence in the relation between B-lines and PAOP. However, although the gross evaluation of LVEF coupled with B-lines assessment is an easy-to-learn technique, a more advanced echocardiographic study that includes evaluation of the diastolic function needs advanced skill and is more expensive in terms of cost and time.
Conclusion
Lung ultrasound for B-lines represents a useful bedside tool for the first assessment of the hemodynamic status of the critically ill patient. The A-pattern at lung ultrasound predicts low EVLW, whereas it cannot be used alone to predict low PAOP. Only the combination of the A-pattern at lung ultrasound and the normal LVEF estimated by focused cardiac ultrasound reliably indicates low PAOP. Thus, in the first approach to critically ill patients, the concept of using ultrasound to guide fluid resuscitation to avoid deleterious effects on the lung function is confirmed. However, a different relation of B-lines with PAOP or EVLW indicates that lung ultrasound may be used to rule-out pulmonary congestion but not hemodynamic congestion.
